We investigate the phenomenological constraints on a model where, besides the standard model Higgs sector, there is an effective new strong interaction acting on the third generation of quarks and characterized by a θ-like term. This θ term induces electroweak symmetry breaking and leads to dynamical spontaneous CP violation. We show that the constraints coming from K physics and the electric dipole moment of the neutron impose that the new physics scale should be of the order of 35 TeV. Contrary to naive expectations, the predictions of the model for B physics are very close to the standard model ones. The main differences appear in processes involving the up quarks such as D 0 −D 0 mixing and in the electric dipole moment of the neutron, which should be close to the experimental limit. Possible deviations from the standard model predictions for CP asymmetries in B decays are also considered.
Introduction
The fact that the top quark is much heavier than the other quarks, m t = 174.3±5.1 GeV [1] , is suggestive of a new dynamics at the electroweak scale, where the third generation may be playing a special role. In particular, effective four-fermion interactions [2] can lead to the formation of quark-antiquark bound states which in turn can dynamically trigger the breaking of the electroweak symmetry [3, 4] . This is the basic idea of top-quark condensation as well as of technicolor models, i.e. the Higgs sector of the standard model is just an effective Ginzburg-Landau-type description of low-energy physics represented by a composite isodoublet scalar field (or fields) [5] .
In the above framework, a particularly interesting scenario is provided by models where the top quark mass arises mostly from a tt condensate, generated by a new strong dynamics, plus a small fundamental component, generated by an extended technicolor or Higgs sector [6] - [10] . Such a structure for the top quark mass avoids the problems usually found in pure (minimal) top-quark condensation scenarios, which assume that the tt condensate is fully responsible for the electroweak symmetry breaking [4] , thus leading to a too large m t value (m t 220 GeV) and a very large scale for the new dynamics (Λ ∼ 10 15 GeV) with significant fine tuning. Along this line, a dynamical scheme was proposed in Ref. [11] , where it is assumed that the third generation of quarks does indeed experience new forces, symmetric in t and b, and that these new forces also generate a strong CP phase θ. It is then possible to show that, in such a scenario, the θ term triggers the breaking of the symmetry between t and b and induces a large CP -violating phase in the Cabibbo-KobayashiMaskawa (CKM) matrix, due to the smallness of the m b /m t mass ratio [11] . In this model one expects to have a richer low-energy phenomenology when compared to the standard model (SM), which could lead to potentially interesting effects, specially in K and B physics.
The purpose of this paper is to study the low-energy phenomenological implications of the model proposed in [11] and, in particular, its implications for K and B physics. We will show that new observable effects arise due to the fact that the third generation of quarks experiences new strong forces which in turn lead to scalar flavour-changing neutral current (FCNC) interactions at tree level. These FCNC interactions result from the fact that both the up and down quark mass matrices receive contributions not only from Yukawa interactions with the standard Higgs but also from interactions involving the third generation quark-antiquark bound states.
The present and near future experiments at B factories and the large hadron collider (LHC) will certainly improve the bounds on many of the CP -violating and flavourchanging processes, which are forbidden or strongly suppressed in the SM. Therefore it is particularly interesting to determine possible experimental signatures in models involving new FCNC physics.
The model
In this section we shall briefly present the main features and physical consequences of the model in question. A more complete and detailed analysis can be found in Ref. [11] .
We consider a standard model Higgs sector in combination with an effective new strong interaction acting on the third generation of quarks and characterized by a θ term. We require that this new strong interaction conserves the isospin symmetry between t and b quarks. Moreover, if one assumes that the electroweak symmetry breaking is induced by radiative corrections due to top-quark (and possibly, bottomquark) loops, the quartic self-interactions of the Higgs field may be neglected. In this case, the relevant classical Lagrangian for the fundamental scalar field H is given by
where
; h t and h b are the Yukawa couplings and D µ is the usual covariant derivative of the SM. Next one assumes that the interactions acting on the members of the third generation of quarks are strong enough to form quark-antiquark bound states at the electroweak scale. The latter can be described in terms of two complex doublet scalar fields
and the corresponding effective Lagrangian then reads:
The effects of a new strong CP phase θ can, in principle, be described through an arbitrary function of det U, where
In analogy with QCD [12] we shall assume the Lagrangian form
which typically arises as a leading term in a 1/N -expansion. The total effective Lagrangian of the model is then given by
with L H , L Σ and L θ defined by Eqs. (1), (3) and (5), respectively. Notice that if h t = h b the Lagrangian (6) conserves an "isospin" symmetry. However, as shown in [11] , the angle θ provides a dynamical origin for both CP violation and isospin breaking, once the neutral components of the three doublets H, Σ b and Σ t acquire nonzero vacuum expectation values (VEV's). Denoting the VEV's of the neutral components of the fields by top masses (m b ≪ m t ) requires σ b ≪ σ t and thus ϕ t ≃ 0, ϕ b ≃ −π/2, which in turn demands that the CP -violating phase θ be close to π/2. In other words, the presence of a phase θ close to π/2 induces both isospin breaking and CP violation with
The actual values of the VEV's can be determined from the physical values of the masses m b , m t and m W . For small values of v, i.e v ≪ σ b , σ t , one has the simple expressions
The mass spectra of the neutral and charged (pseudo) scalars are easily found. In the neutral sector, it is straightforward to find the linear combination corresponding to the Goldstone boson eaten up by the Z 0 gauge boson. For α very large, one of the eigenvalues of the mass matrix will be proportional to √ α and therefore the corresponding linear combination of the fields will decouple from the theory. The remaining 4×4 mass matrix can be easily diagonalized. One finds that the standard Higgs scalar h has a mass given by m h ≃ 2g √ λ m t , two of the remaining masses are proportional to √ β and thus are quite large. Finally the mass which corresponds mainly to abγ 5 b bound state is very sensitive to the difference h t − h b , but as soon as h t and h b differ (as expected from higher order corrections) it will also get a contribution proportional to √ β. In the charged sector one of the eigenstates is eaten up by the W gauge boson through the usual Higgs mechanism. For the isospin symmetric case h b = h t , we find that one of the charged Higgs masses is very small, i.e. a new pseudo-Goldstone boson appears as it happens in the neutral sector. Nevertheless, radiative corrections yield h b = h t and therefore this mass will get a large contribution proportional to √ β. To conclude this section let us comment on the origin of CP violation in the present model. As shown in Ref. [11] the new interaction characterized by a θ = 0 term induces a CP -violating effect which filters down to the SM only if m b /m t = 0. Moreover, this new source of CP violation can be in principle responsible for what is observed in the K 0 −K 0 system, since it leads indeed to a sizeable CP -violating phase in the CKM matrix,
3 The structure of flavour-changing interactions
In general, the presence of more than one Higgs doublet in the SM leads to FCNC interactions at the tree level, which are mediated by the physical neutral scalars. Such interactions are severely constrained by the smallness not only of the CP -violating parameter ε K but also of the K 0 −K 0 and B 0 −B 0 mixing. The model we are considering is effectively equivalent to a three Higgs doublet model with a specific structure for Yukawa couplings. It is therefore straightforward to determine the form of the induced FCNC interactions by generalizing the results obtained in the two Higgs doublet case [13] .
Let us consider 3 Higgs doublets Φ j and make the decomposition:
where R j , I j are real fields and v j e iα j denote the VEV's of the Higgs fields. The Yukawa couplings of the Higgs fields to the quark weak eigenstates are given by
whereΦ ≡ iσ 2 Φ * and g u,d
i (i = 1, 2, 3) are the Yukawa coupling matrices. The quark mass matrices are easily obtained,
where the phase α 1 has been put equal to zero by an appropriate redefinition of the fields.
To single out the pseudo-Goldstone boson G 0 we introduce the new fields φ 0 , R, R ′ , G 0 , I and I ′ defined through the transformation
with
and
. In terms of the new fields, the scalar couplings to the down quarks can be written as
We notice that the couplings to the fields φ 0 , G 0 , R ′ and I ′ are flavour-conserving while the couplings to R and I are flavour-violating. Similarly, for the couplings to the up quarks one obtains
and thus the couplings of φ 0 , G 0 conserve flavour while the couplings of R, R ′ , I, I ′ do violate flavour.
It is useful to obtain the scalar-quark couplings in terms of the quark mass eigenstates. In the down quark sector we find
In the up quark sector the couplings to the scalars in the quark mass eigenstate basis are given by
which can be rewritten as
The Yukawa coupling matrices g 
and therefore the matrices G (25) and (31) are given by
These matrices completely determine the structure of tree-level FCNC interactions in the model. Without further assumptions we cannot predict the size of such interactions. We shall assume that the quark mass matrices M u,d are hermitian 5 and that the CKM mixing matrix V ≡ U † uL U dL is dominated by U dL , i.e. U uL ≃ 1 1, as favoured phenomenologically. Under the above "reasonable" assumptions, the off-diagonal elements of N d in Eq. (24) are entirely predicted in terms of V since from Eq. (33) we obtain
Finally, new contributions to flavour-changing processes will be also induced by the couplings of the heavy charged Higgs fields to the quarks. Such contributions correspond to Feynman box diagrams with W -boson and charged Higgs particle exchanges. To determine the magnitude of these couplings, let us introduce the new charged fields
where the matrix O is given by Eq. (20) and G + corresponds to the pseudo-Goldstone boson. Going to the physical basis for the charged Higgs fields, the couplings to the d R and u R quarks are given by
5 According to the polar decomposition theorem, the mass matrices M u,d can always be written as a product of a hermitian matrix and a unitary matrix. The latter can be rotated away by a redefinition of the right quark fields. Notice however that the form of the coupling matrices g where we have introduced the coupling matrices
After performing a rotation to the quark mass eigenbasis we obtain (25) and (31), respectively. It is clear that in order to analyze the charged Higgs contributions to the relevant flavour-changing processes we need to know the structure of the unitary matrices U uL , U uR . To be able to predict the size of such contributions, we shall assume that the up quark mass matrix M u is approximately given by the texture zero structure [14] ,
In this case
Such a choice is of course in agreement with our previous assumption of the matrices U uL and U uR being close to the identity matrix. Under the above conditions, the coupling matrix G u 3 defined in Eq. (34) takes the simple form
In the context of our model, where the hierarchy v ≪ σ b ≪ σ t is expected among the VEV's, Eqs. (20), (40) and (41), together with (45) and (35), yield
after the corresponding identification
In particular, this implies that the contributions to flavour-changing processes coming from the charged Higgs H + 2 will be strongly suppressed, provided that the Higgs mass m H
. In what follows we assume that the latter condition is satisfied. Moreover, we shall discuss two limiting cases: ǫ ≃ m u /m c ≃ 0, which corresponds to b ≃ m c in Eq. (42), and ǫ ≃ 1, i.e. b ≃ m u ≃ 0.
New physics and ε
Within the SM, the CKM matrix is constrained by unitarity and experimental data. These constraints are usually expressed in terms of the Wolfenstein parameters A, ρ and η [15] , and presented as a unitarity triangle in the complex plane (ρ,η) (see Fig. 1 below) [1, 16] . They can be summarized as follows [17, 18] :
From semileptonic K and B decays we have 6 |V us | = λ = 0.2205 ± 0.0018, |V cb | = 0.040 ± 0.002,
which implies
The above results are extracted from tree level decays with large branching ratios and therefore their determination is essentially independent of physics beyond the SM.
Next, for the CP violating parameter ε K (and assuming ε K ≫ ε ′ ),
6 All our input parameters are taken from [1, 17] .
the calculation of the box diagrams describing the K 0 −K 0 mixing in SM gives
Comparing this result with the experimental value |ε K | = (2.280 ± 0.013)×10 −3 , one obtains a constraint in the form of the hyperbolā
In the above formulas, P c (ǫ) = 0.31 ± 0.05 summarizes the charm-charm and charmtop contributions in the SM,B K = 0.80 ± 0.15 is a nonperturbative parameter, the correction factors η 1 = 1.38 ± 0.20, η 2 = 0.57 ± 0.01, η 3 = 0.47 ± 0.04 describe the short-distance QCD effects, f K = 160 MeV is the kaon decay constant, m K = 497.672 ± 0.031 MeV is the kaon mass and ∆m K = (3.489 ± 0.008)×10 −12 MeV is the mass difference in the K system. The gauge independent functions S 0 which govern the FCNC processes are approximately given by 
so that the mass differences are
Here 
On the other hand, the measurement ∆m Bs > 12.4 ps −1 allows us to determine R t in a different way, namely, The model of interest to us and presented in Section 2 contains new physical fields when compared to the SM. As the masses of such fields are expected to be much larger than m W , their contributions to charged current tree level decays should be negligible. They can however significantly contribute to quantities such as ε K and ∆m B d,s , thus playing an important role in the determination of the unitarity triangle. To establish their impact, first we shall compute the new contributions to ε K , ∆m B d and ∆m Bs coming from the FCNC processes induced by the heavy neutral Higgs field. Then we shall compare these contributions with the ones induced by the new heavy charged Higgs fields. As we shall see, if the mass scale for the heavy charged Higgs (m H + ) is of the same order than the scale for the heavy neutral Higgs (m H 0 ), new physics contributions are always dominated by tree-level FCNC effects. Finally, new contributions to the ∆m D mass difference are also expected and they are discussed at the end of this section.
FCNC contributions
Since the couplings of down quarks to the neutral scalar fields R and I are flavourviolating (cf. Eqs. (23) and (24)), they will induce a tree-level FCNC contribution to K 0 −K 0 mixing. In the framework of our model such couplings are determined by Eqs. (24), (35) and given by
where we have used the fact that
To estimate the hadronic matrix elements it is customary to use the so-called vacuum insertion approximation [16] . In this approximation, the new physics contribution to the matrix element M 12 of the transition K 0 −K 0 will be given by
where H new eff is the effective ∆S = 2 Hamiltonian induced by the neutral Higgs exchange. It is now straightforward to compute the FCNC contribution to the CP -violating parameter ε K defined in Eq. (51). We obtain
where 
A lower bound on the scale of the heavy neutral Higgs can be then obtained by requiring the new physics contribution (64) to be smaller than the SM contribution, i.e. |ε 
we find for 0 ρ 0.3,
In particular, for v = √ 2 m c ≃ 1.84 GeV we obtain
New FCNC contributions induced by the heavy neutral Higgs field H 0 in the mass differences ∆m Bq (q = d, s) are easily obtained from the previous results on ε K . For the matrix elements M new 12 (B q ) we have
This implies
These FCNC contributions to ∆m Bq are to be compared with the SM contributions given by Eq. (57) and which can be approximately written as
We have then
if the lower bound given in Eq. (66) for m H 0 is satisfied. We see that the contributions to ∆m Bq coming from the neutral Higgs are much smaller than the SM ones. In Fig. 2 we illustrate our results for m H 0 = 35 TeV and v = √ 2 m c . We notice that while ε K is quite sensitive to new physics, the constraints coming from B 0 −B 0 mixing practically do not change when compared to the SM results. ≫ m H 0 . The dot-filled area corresponds to the region allowed by the present experimental bounds.
Charged-current contributions
The main contributions to flavour-changing processes induced by the charged Higgs field H 
with λ i and x i defined in Eq. (52). Moreover, according to Eq. (46),
7 As discussed at the end of Section 3, the contributions coming from the charged Higgs field H Therefore, the charged Higgs contribution to ε K reads
When the texture parameter ǫ = 0 , the coefficients A i in Eq. (76) are approximately given by
while for ǫ = 1 they are
We can now give a numerical estimate of the above contributions. Using the fact that cos
If we require that |ε
(65), then we can find the following lower bounds on the charged Higgs mass for 0 ρ 0.3, 
f i and g ij defined in Eqs. (74) and (75), respectively. For ǫ = 0 the amplitude (85) is dominated by the top quark contributions described by the coefficient A (q) tt . We have
The top-charm terms proportional to A (q) tc will however give an important contribution to the amplitude in the case of ǫ = 1 . In the latter case we find for the relevant coefficients:
Therefore, the new contributions to the mass differences ∆m Bq will be given by
∆m
Comparing these values with the SM result given in Eqs. (72) we arrive at ∆m 
In the case of ǫ = 1 we have
Comparing these contributions with the SM result (72) we find:
for m H + 55 TeV and v ≃ √ 2 m c as given by the bound (83). In Fig. 3 we illustrate the constraints on the (ρ, η)-plane for m H + = 2 TeV, v = √ 2 m c and the parameter ǫ = 0. We assume m H 0 ≫ m H + and thus, only the contribution coming from the flavour-changing charged current is taken into account. The dot-filled area corresponds to the allowed region. A similar plot is given in Fig. 4 for the case ǫ = 1 and m H + = 80 TeV.
FCNC and ∆m D
In the up quark sector, D 0 −D 0 mixing is perhaps one of the most interesting processes given that this process is highly suppressed in the SM: ∆m SM D < 10 −15 GeV. To estimate the size of FCNC contributions to the mass difference ∆m D we use the expression (29) and the approximate form (43) for the matrices U uL , U uR . The relevant couplings are then given by
where G u 3 is given in Eq. (45) and we have used
(96).
Keeping the dominant term we obtain where f D B D ≃ 225 MeV [19] , m D = 1.86 GeV and we take m u ≃ 5 MeV. Therefore,
Using the bound on m H 0 coming from K physics (cf. Eq. (67)), one obtains the upper limit
We notice that except when ǫ ≪ 1, our model predicts a value for ∆m D much larger than in the SM. This is a clear signature of the model.
Comparing the above value with the experimental limit
we find an upper limit on the parameter ǫ, ǫ 0.06 ,
which in turn translates into constraints on the texture form (42) assumed here for the up quark mass matrix M u . At this point it is worth recalling that flavour-changing contributions induced by new physics crucially depend on the specific patterns of the fermion mass matrices. In our analysis we have assumed a simple but quite generic Ansatz for the up-quark mass matrix, expressed in terms of quark mass ratios and a free parameter ǫ. This parameter is therefore expected to be constrained in order to avoid dangerous large contributions to low-energy observable effects. It is clear that more specific mass matrix textures (e.g. triangular-type textures in the up-quark sector) could lead to a natural suppression of these contributions and the above constraints thus be avoided.
Electric dipole moment of the neutron
The electric dipole moment (EDM) of a fermion Ψ is defined as
where F µν is the electromagnetic tensor and k µ = p 2µ − p 1µ . In the present model, we can expect a large contribution to the EDM of the neutron induced by the spontaneous CP violation if the phases ϕ t,b = 0, π. In the latter case, the exchange of the heavy neutral and the heavy charged Higgs fields are expected to contribute to the EDM of the neutron. For the down quark contribution with exchange of a heavy neutral Higgs the dominant term is given by (f = d, u)
Since x f ≪ 1 and sin 2ϕ b,t ≃ 2m b /m t , Eqs. (102) are approximately given by
after substituting the values m u ≃ 5 MeV, m b ≃ 4.25 GeV, m t ≃ 165 GeV and |V td | ≃ 0.01. Thus, using the lower bound on m H 0 given by Eq. (67), we obtain the following upper bounds on the electric dipole moments of the quarks:
Taking into account that m u /m c ≃ 10
ǫ ≤ 1 and assuming
we conclude from Eqs. (107) that the EDM will be always dominated by the up-quark contribution. Moreover,
in the allowed range of the parameter ǫ. Of course, the above conclusions hold for our specific choice of the up-quark mass matrix texture (42). If such is the case, then the predicted EDM is expected to be very close to the present experimental limit [1]
The comparison of Eqs. (107) with the experimental bound (110) allows us to further constrain the parameter ǫ. We find
which is more restrictive than the upper bound previously found from D 0 −D 0 mixing (see Eq. (101)). Notice however that the constraint (111) was obtained assuming the lower bound on the Higgs mass given by Eq. (67) and implied by ε K . We could of course relax this constraint by pushing the heavy neutral Higgs mass to a higher scale, but then the "raison d'être" of our model would be lost and its predictions would be close to the SM ones. From a phenomenological point of view we find more plausible to fix the Higgs scale from the constraints coming from K and B physics and, in particular, from the CP -violating parameter ε K . Other constraints, such as the EDM of the neutron, will then give us a hint on what kind of quark mass matrix textures are favoured in the theory.
Let us now consider the charged Higgs contributions. In this case the dominant contribution is coming from the diagrams with a top quark circulating inside the loop. The photon line can be attached to the Higgs line or to the quark line. Therefore we have 
we obtain
Imposing the experimental constraint given in Eq. (110), we get a stronger constraint on m H + than the lower bound (82), namely,
In particular, for v ≃ √ 2 m c we obtain
We also remark that in leading order this bound is independent of the texture parameter ǫ .
FCNC in top decays: the example t → q γ
The FCNC decays t → q γ and t → q Z are strongly suppressed in the SM at the level of 10 −12 . Observation of any of these events would be an indication of physics beyond the SM. It is of particular interest to study the order of magnitude that our model predicts for such processes. The amplitude of t → q γ can be parametrized as
where A µ is the photon field and q µ ≡ p 2µ − p 1µ . The decay width of this process is given by 
On the other hand, from Eqs. (56) and (68) we have
with w q defined in Eq. (73). Comparing Eqs. (127) and (128) 
Within the SM, the CP asymmetry a ψKs in B 
the recent experimental measurements of the above time dependent CP asymmetry give (sin 2β) ψK S =    0.12 ± 0.37 ± 0.09 (BABAR) [25] , 0.45 ± 0.44 ± 0.08 (BELLE) [26] , 0.79 ± 0.42 (CDF) [27] .
The above experimental values imply the average (sin 2β) ψK S = 0.42 ± 0.24 .
Although the SM estimates are consistent with the present experimental results, the small values of sin 2β found by BABAR and BELLE collaborations might indicate the presence of new physics contributions.
If the new physics modifies the phase of the mixing amplitude, then the asymmetry will also get a contribution from the θ d phase, a ψKs = sin 2(β + θ d ) .
Moreover, if we assume that the θ term in Lagrangian (6) is the only source of CP violation in our model, then ϕ b ≃ −π/2 + m b /m t . In this case Eqs. (129) imply 
Although these predictions are consistent with the global average (133), we notice that the deviations from the SM predictions are very small in this case and, consequently, it is not possible to achieve consistency [18] with the small values reported by the BABAR collaboration [25] . In order to illustrate the dependence of our result on the strong CP phase θ, let us assume that CP violation in the CKM matrix is independent of the value of θ. In other words, let us assume that besides the angle θ, there exist other sources of CP violation and we consider θ as an arbitrary parameter. Of course, when θ is different from π/2, the isospin symmetry between the top and bottom quarks has to be explicitly broken in the effective Lagrangian (3) . From the minimization of the potential (cf. Eqs. (10)) and taking m b ≪ m t , one easily finds
Conclusion
In this paper we have studied the phenomenological constraints on a model where CP violation is dynamically induced by a strong CP phase θ [11] . The most promising tests for the model are given by the new experimental prospects to measure ∆M D or to improve the experimental limit on the electric dipole moment of the neutron.
Contrary to naive expectations, the fact that the new force responsible for the electroweak symmetry breaking and for the spontaneous CP violation is only sensitive to the third generation of quarks does not imply that the most stringent constraints come from processes involving the heavy flavours (t and b). We have shown that the stringent constraints on the scale of new physics come from K physics and from the electric dipole moment of the neutron. This means that even if FCNC processes are naturally suppressed in the model by the CKM matrix elements, this suppression is not strong enough to allow for a mass scale of the heavy Higgs to be of the order of few TeV.
